ABSTRACT. N-myc oncogene expression was characterized in porcine kidneys to investigate the potential role of this gene in normal renal development and oncogenesis. Nmyc RNA expression was detected in porcine kidneys from birth until 5 wk of age, which corresponds to the time when glomerular differentiation is completed. Immunohistochemical studies revealed that N-myc protein was selectively expressed in the primordia of renal proximal tubule epithelial cells. These cells were cultured in vitro and continued to express N-myc for a limited time. Comicroinjection of a mutant ras oncogene and N-myc into these cells led to focus formation in soft agar, loss of contact inhibition, and the establishment of an immortalized cell line. These findings support a multistep model of renal oncogenesis that involves overexpression of N-myc. (Pediatr Res 29: 268-271,1991) 
observed before retinoic acid-induced morphologic differentiation of human neuroblastoma (22) . Studies on c-myc are more extensive. Expression of c-myc is activated in a variety of cells as they enter the cell cycle from a quiescent state (23) . Similarly, cells can be induced to enter the S phase by external induction of c-myc or N-myc (24) . Down-regulation of c-myc is associated with terminal differentiation of cells (25, 26) , whereas constitutive expression of c-myc inhibits differentiation (27, 28) . Furthermore, myc proteins contain two structural domains, a leucine zipper (29) and a helix-loop-helix motif (30) , that are indicative of transcription and differentiation factors. These observations suggest that combinatorial or differential expression of mycgenes is necessary for progression of cells through particular differentiation pathways (3 1) .
There is extensive evidence that tumorigenesis is a multistep process that may involve the sequential activation of protooncogenes (32) (33) (34) . Cooperation between oncogenes in different functional categories (for example ras and myc) is often necessary for complete transformation of cells (35) (36) (37) .
We developed a system to investigate the role of N-myc gene expression in renal development and oncogenesis. The porcine kidney was chosen because it resembles the human kidney with respect to pattern and time course ofdifferentiation, morphology, and physiology (38) . Furthermore, nephroblastoma (termed Wilms' tumor in humans) is a common solid tumor of pigs (38) . N-myc expression was characterized in porcine kidneys, and cultured porcine renal cells were microinjected with ras and Nmyc genes to determine the effects of these oncogenes on renal cell proliferation in vilro.
MATERIALS AND METHODS
Specimens. Fresh human fetal kidney specimens were obtained from spontaneous abortions as part of a protocol approved by the Human Subjects Investigational Review Board. Fresh, sterile porcine kidneys were salvaged from animals killed by other investigators for unrelated experiments. Specimens were either established in primary cell culture directly or stored in 95% FCS/ 5% DMSO at -70°C.
Immunochemisfry and hisfochemisfry. Five-pm slices of flash frozen tissues were fixed with methanol-acetic acid (3:l) (39) . Polyclonal N-myc antibody was obtained from D. Slamon (used at 1:300) (9). Tamm-Horsfall glycoprotein and factor VIII R Ag were detected with specific MAb (Cedar Lane, Ontario, Canada and Dako, Santa Barbara, CA, respectively). Antibodies were detected with a universal immunoperoxidase staining kit (Vector, Burlingame, CA). Cells were counterstained with hematoxylin. Keratin was detected by immunofluorescence using AEI and AE3 antibodies (Hybridtech, San Diego, CA) and fluoresceinlabeled goat anti-mouse IgG (Dako). Alkaline phosphatase and succinic dehydrogenase were detected using standard histochemical methods (40) .
Immlinoblotting. Protein from frozen tissues and cultured cells were extracted with NP-40 and phenylmethylsulfonylflouride (41) , separated by electrophoresis through a 10% SDS-polyacrylamide gel, and transferred to nitrocellulose paper (Transblot, BioRad). After blocking residual protein sites with BSA (Promega, Madison, WI), the filter was probed with polyclonal Nmycantibody (obtained from D. Slamon) (1:300 dilution in Trisbuffered saline pH 7.0, 0.05% Tween-20) for 16 h at room temperature. Antibody was detected using an alkaline phosphatase system (Protblot, Promega) using conditions recommended by the manufacturer.
Culture of porcine renal epithelial cells. One-cm sections of outer renal cortex were harvested from fresh, sterile kidneys of newborn and 5-wk-old piglets. Sections of proximal tubule were microdissected using a 20x dissecting microscope, minced, and filtered through 100-pm nylon gauze. Explants were placed in 35-mm Primaria dishes and kept moist with a thin layer of DM for 24 h at 37°C and 5% COz. DM was composed of 50% F-121 50% Dulbecco's modified Eagle's medium supplemented with porcine regular insulin (5 U/mL), transfenin (5 pg/mL), selenium (5 pg/mL), triiodothyronine (4 pg/mL), epidermal growth factor (50 ng/mL), hydrocortisone (500 ng/mL), penicillin, and streptomycin. Explant outgrowths were subcultured on LabTek (Nunc, Naperville, IL) chamber slides coated with Matrigel (Collaborative Research, Bedford, MA) in DM. Cells were passaged by washing in PBS followed by incubation at room temperature in a solution of 0.05% trypsin-0.02% EDTA (in Hank's buffered salt solution). Cells that detached in the first 2 min (fibroblasts) were discarded. Cells were subsequently incubated in the same solution at 37°C for 5 min or until cells detached. Detached cells were pelleted, suspended in fresh DM, and plated on LabTek chamber slides (without Matrigel) for subsequent staining and microinjection experiments.
Microinjection and soji-agar selection. T-24 ras (obtained from M. Goldfarb) and N-myc were cloned in eukaryotic expression vectors as described previously (12) . Porcine proximal tubule renal epithelial cells were microinjected with DNA at a concentration of 100 pg/mL (1 x pg/cell) for each construct as described elsewhere (42) . After microinjection, cells were cultured undisturbed at 37'C for 24 h, trypsinized, and plated in soft agar as described elsewhere (43) .
Molecularstudies. Chromosomal DNA and total cellular RNA were prepared from frozen tissues as described previously (18, 44) . All RNA and DNA blotting and hybridization procedures were performed as described elsewhere (1 8, 44, 45) . The N-myc probe is a 1.8-kb human complementary DNA fragment that contains a part of the 2nd and all of the 3rd exons of the gene (4). PCR. A sequence of H-ras spanning codon 12 was amplified by PCR using the flanking oligonucleotides 5':S1TGACGG AATATAAGCTGGTG3' and 3':S1GGGTGCTAGAACGAG GGGCT3'. The reaction mixture contained 1 pg of template chromosomal DNA, 0.6 pg of each primer, 20 mM of each deoxyribonucleotide triphosphate, and 2.5 U of Tag DNA polymerase (Perkin-Elmer-Cetus, Norwalk, CT) in a total volume of 100 pL. A Perkin-Elmer-Cetus Thermal Cycler was used at the following settings: denature at 94°C for 45 s, reanneal at 55°C for 2 min, and extension at 72°C for 2 min for 30 cycles. Amplified DNA was probed with wild-type and T-24 20-mer oligonucleotide probes (GTGGGCGCCGGCGGTGTGGG and GTGGGCGCCGTCGGTGTGGG, respectively). RESULTS N-myc oncogene expression in porcine kidney. Previous studies on N-myc expression in murine and human kidneys indicated that N-myc was overexpressed in fetal kidney, but was undetectable in mature kidney (1 6, 18, 19) . Gomerular differentiation continues in the porcine kidney for 5 wk after birth. We sought to determine whether N-myc expression continued into the new- born period in pig kidneys corresponding to this postnatal stage of glomerular differentiation. A human cDNA probe was therefore used to detect N-myc RNA transcription by Northern blot analysis of RNA extracted from pig kidneys at different postgestational ages (Fig. I) . N-myc RNA was expressed for 5 wk postnatally, but was not detectable thereafter. The size of the Nrnyc transcript (-2.9 kb) is the same in pigs and humans. Porcine lung, heart, liver, and skin were similarly tested for N-myc expression. Only newborn brain expressed the gene at levels similar to newborn kidney (data not shown).
Imrnunohistochemical localization of N-myc protein in human fetal and porcine kidneys. Human and porcine kidneys arise embryologically from three different anlage: pronephros, mesonephros, and metanephros. Immunohistochemical means were used to determine the component(s) of the developing kidney that express N-myc. N-myc protein was identified in fetal human kidney and newborn pig kidney, but not in kidney from a 6-moold pig (Fig. 2) or from a 5-y-old child (data not shown). Expression of N-myc protein was restricted to the primordia of proximal tubule epithelial cells indicating that N-myc expression is not only tissue-specific and temporally regulated, but also restricted to particular cell lineages. Fetal murine kidneys exhibit a similar pattern of N-myc RNA expression (19) . Porcine N-myc protein was detected using monoclonal and polyclonal human N-myc antibodies. The ability of human N-myc antibodies to detect the corresponding porcine N-myc protein was substantiated by immunoblot studies in which human N-myc antibodies detected identical 62-to 64-kD proteins in cell extracts from newborn pig kidney, human fetal kidney, and human neuroblastoma (data not shown).
Culture and characterization of porcine proximal tubule renal epithelial cells. To further characterize N-myc expression in porcine kidneys, proximal tubule epithelial cells were cultured in vitro (Fig. 3a) . The cells were identified as proximal tubule by the presence of alkaline phosphatase (Fig. 3b) and keratin intermediate filaments (data not shown), and the absence of TammHorsfall glycoprotein, factor VIII R Ag, and succinic dehydrogenase (data not shown). The majority of cells harvested from BENDIT ET AL. newborn animals expressed N-myc protein for 1-2 wk in primary culture (Fig. 3c) , whereas cells cultured from older animals did not exhibit detectable N-myc protein expression (data not shown).
Transformation of porcine proximal renal tubule epithelial cells. Cooperation between "immortalizing" oncogenes such as N-myc and "transforming" genes such as ras in the transformation of rat embryo fibroblasts and NIH 3T3 cells has been well characterized (1 2). The ability of these genes to transform higher eukaryotes, however, has not been well established. Although mutant transforming genes such as ras may be involved in the pathogenesis of pediatric renal tumors, thus far no such genes have been identified. As a first step toward determining if a transforming gene and an immortalizing gene could cooperate to transform porcine proximal tubule cells, expression vectors containing human N-myc and T-24 ras were microinjected separately and together into primary cultures of porcine proximal tubule renal epithelial cells. N-myc was chosen as the immortalizing oncogene because it is endogenously expressed in these cells. Because no bonafide transforming genes have been identified in pediatric renal tumors, T-24 ras was used as an archetypical example of a transforming oncogene. An average of 300 cells were microinjected with each type of DNA construct in three separate experiments. PBS was microinjected as a control. Transformation was measured by the development of foci in soft agar.
A focus was defined as a clump of 10 or more cells in soft agar observed 2 wk after microinjection. The greatest number of foci occurred in cells comicroinjected with N-myc and ras. These cells continued to proliferate as cell lines (see below). Microinjection of ras or N-myc alone also induced small numbers of foci in soft agar. However, in contrast to cells comicroinjected with N-myc and ras, cells microinjected with N-myc or ras alone did not replicate after being taken out of soft agar. These cells were therefore either clumps of nontransformed cells or abortive transformation events.
Transformed cells that arose by comicroinjection with ras and N-myc continue to grow in defined media after more than 60 passages. In contrast to nontransformed renal epithelial cells (Fig. 3a) , transformed cells have lost contact inhibition (Fig. 4a) . The transformed cells continue to exhibit epithelial features as manifested by the presence of keratin intermediate filaments (Fig. 4b) . Although nontransformed newborn proximal tubule cells no longer express N-myc after 1-2 wk in culture, transformed cells after 60 passages continue to overexpress N-myc R N A and protein as evidenced by Northern blot hybridization and immunoblot analysis, respectively (data not shown). PCR was used to show that the T-24 ras oncogene originally introduced by microinjection was still present in the transformed cells (data not shown). N-myc protein expression was localized to the primordia of proximal tubules of human fetal kidneys and porcine newborn kidneys. These findings are compatible with the 0 b~e~a t i o n~ of
Hirvonen et al. (20) , who used in situ hybridization to show that N-myc was selectively expressed in differentiating epithelial mesenchyme in 16-to 19-wk human fetal kidneys, and the studies of Mugrauer et al. (19) in fetal mice. N-myc expression in development is therefore not only temporally and tissue-restricted, but also cell lineage-specific within an organ. Our ability to transform primary cultures of porcine renal cells with N-myc and ras is consistent with a multistep model of renal oncogenesis that involves overexpression of N-myc. Although there is no evidence that ras is activated in pediatric renal tumors, it is possible that a mutation could activate an oncogene similar to ras in a fetal or newborn renal cell that normally expresses Nmyc. A second event that results in aberrant overexpression of N-myc (either a dominant mutation that activates N-myc or loss of heterozygosity for a putative suppressor gene that normally functions to suppress N-myc) would lead to renal transformation. It is therefore conceivable that in addition to its potential function in renal development N-myc also plays a role in the pathogenesis of pediatric renal neoplasia ( 18) .
